Introduction
For semiconductor optical modulators and switches such as Mach-Zehnder modulators, large electrorefractive (ER) index change Δn with a small absorption loss is necessary in quantum wells (QWs). A five-layer asymmetric coupled quantum well (FACQW) [1] is one of the very promising candidates for producing giant electrorefractive index change. We have studied GaAs/AlGaAs [1, 2] , InGaAs/InAlAs FACQW [3] for 0.9 and 1.55 μm, respectively. We also studied InGaAsP FACQW as Al-free materials [4] . If we utilize GaInNAs [5] for the FACQW, operation wavelength of 1.3 μm wavelengh region can be realized. In a GaInNAs/GaAs QW, the conduction band is deeper than that of other materials, GaInNAs is very attractive to overcome poor temperature characteristics in other materials such as InGaAsP.
In this paper, we propose a GaInNAs/GaAs FACQW for 1.3 μm and theoretically investigate its electrorefractive effect using Luttinger-Kohn Hamiltonian and a non-variational method. The characteristics of GaInNAs /GaAs FACQW are compared to other FACQWs.
Valence Band structure of GaInNAs/GaAs FACQW
The proposed GaInNAs/GaAs FACQW is composed of 15-monolayer (ML) Ga 0.7 In 0.3 N 0.03 As 0.97 QW (QW1) and 20 (=6+14)-ML Ga 0.7 In 0.3 N 0.03 As 0.97 QW (QW2) with GaAs 8-ML barrier layer inserted for potential modification as shown in Fig. 1 . Both QWs are compressively strained (1.5%). The band discontinuity in the conduction band (ΔE c ) is as large as 299 meV, therefore, GaInNAs/GaAs QW can confine an electron sufficiently.
Under the electric field F= −6kV, the wavefunction of HH (heavy hole) 1 is distributed dominantly in QW1, and that of HH2 is distributed dominantly in QW2. On the other hand, that of E(electron)1 and E2 are distributed equally in both wells as shown in Fig.2 . This is because the effective mass of the heavy holes is heavier than that of electrons, and the heavy holes are more sensitive to the asymmetry of the coupled quantum well. When the electric field |F| is slightly increased, the wavefunctions of E1 and E2 are localized in QW1 and QW2, respectively. As a result, the exciton absorption strengths and binding energies of E1-HH1 and E2-HH2 remarkably decrease while those of E1-HH2 and E2-HH1 increase. These large changes contribute to the very large absorption coefficient change Δα in the FACQW for transverse electric (TE) mode.
We analyzed valence band structures by solving the Schrödinger equations using the k·p perturbation theory with 4 x 4 Luttinger-Kohn Hamiltonian [6] . Figure 3 shows the dispersion of the valence band of the proposed GaInNAs/GaAs FACQW. The Dispersion curves of a rectangular quantum well (RQW) are also shown for comparison. Hole subbands are densely formed in the FACQW due to the coupled quantum well structure. Therefore, the influence of higher subbands such as HH2 in the FACQW is more significant than that in RQWs. In the case of InGaAs/InAlA FACQW, LH1 plays the important role for large Δn, but in the case of GaInNAs/GaAs FACQW, the energy level of LH1 is greatly separated from the band edge due to the compressive strain in the well layer.
Electrorefractive Effect of GaInNAs/GaAs FACQW
The absorption coefficients of the GaInNAs/GaAs FACQW under an electric field F were calculated with the non-variational approach referred in Ref. [7] .
The dependence of Δn of GaInNAs/GaAs FACQW at 4 cm/kV from -6 kV/cm to  12 kV/cm). In addition, this large |dn/dF| value can be obtained over a wide wavelength range (~100 nm). This characteristics are very promising for low-voltage and wide-band optical modulators and switches for 1.3 μm.
Conclusions
A GaInNAs/GaAs FACQW for 1.3μm wavelength region was proposed. Valence band structures of the FACQW were analyzed with Luttinger-Kohn Hamiltonian based on the k·p perturbation theory. The GaInNAs/GaAs FACQW can exhibit a large electrorefractive index change n in a wide transparency wavelength region far from the absorption edge. The GaInNAs/GaAs FACQW is expected to realize ultra-wideband, ultrafast optical modulators and switches for 1.3 μm wavelength region. InGaAsP FACQW
